The enantioselective synthesis of 2-aryl-substituted 2,3-dihydroquinolin-4-ones, a class of heterocyclic compounds with interesting biological activities, has been achieved through a Brønsted acidcatalyzed enantioselective intramolecular Michael addition. The products are available in moderate to high yields and with good enantioselectivities.
Introduction
The asymmetric catalytic aza-Michael reaction offers a convenient route to a wide variety of enantioenriched amine derivatives and N-heterocyclic compounds [1 -6] . In recent years efforts have been devoted in particular to the development of efficient organocatalytic approaches for both inter-and intramolecular versions of the aza-Michael reaction [3 -6] . On the one hand progress was made with chiral primary and secondary amine catalysts. On the other hand, Brønsted acid-catalyzed azaMichael reactions attracted further interest. Notably, different classes of N-heterocyclic compounds have been obtained in an enantioselective fashion by either amine-or Brønsted acid-catalyzed intramolecular aza-Michael reactions or domino sequences comprising an aza-Michael addition step [3 -6] . For example You reported the application of Brønsted acid catalysis [7 -14] in the synthesis of dihydroquinolinones [15] , pyrrolidines and morpholines [16] . Enders described the synthesis of tetrahydroisoquinolines through a Brønsted acid-catalyzed reductive amination/aza-Michael domino reaction [17] . Our group and that of Gong reported independently the asymmetric synthesis of isoquinuclidines through a Brønsted acid-catalyzed Mannich/aza-Michael addition [18, 19] .
Herein, we describe the application of Brønsted acid catalysis to the enantioselective synthesis of 2-arylsubstituted 2,3-dihydroquinolin-4-ones which represent a class of heterocyclic compounds with interesting biological activities [20, 21] . A similar approach was recently described by You [15] . Lu used a bifunctional thiourea catalyst for the asymmetric synthesis of this class of compounds [22] . In addition, racemic resolution [23] and metal-catalyzed processes [24, 25] have been applied to obtain chiral 2-aryl-substituted 2,3-dihydroquinolin-4-ones.
Results and Discussion
We started our investigation with a study of the intramolecular reaction of the N-methyl derivative 1a. Various chiral BINOL-based N-triflyl phosphoramides 3a-i [26 -44] were evaluated in the intramolecular aza-Michael addition with 1a as model substrate, and the results are summarized in Ta- In order to improve the enantioselectivity, various solvents and temperatures were tested. Chlorinated solvents and acyclic ethers were less suitable, affording only traces of the desired product 2a (Table 2, entries 1 -2 and 7 -9). Ethyl acetate and THF proved to be better in terms of selectivity, and the product 2a was obtained with 75.5 : 24.5 and 76 : 24 enantiomeric ratios, respectively ( Table 2 , entries 5 -6). The best result with regard to both, yield and selectivity, was obtained in dimethyl glycol at room temperature (Table 2, entry 11). Higher temperature resulted in reduced selectivity and lower temperature had a detrimental influence on the yield. Therefore, the subsequent optimization and evaluation of the substrate scope was performed at room temperature in dimethyl glycol as solvent.
Substrates with different N-protecting groups were also tested. While N-Me and N-allyl groups provided comparable results in terms of yield and selectivity (Table 3 , entries 1 and 5), the use of N-Bn resulted in the corresponding product with a slightly increased yield but decreased selectivity (Table 3 , entry 2). The use of N-acyl and N-tosyl amine derivatives did not afford the desired products (Table 3 , entries 6 and 7).
With the optimized conditions in hand, the scope of the reaction was investigated (Table 4 ). Chalcones 7 bearing aryl groups with electron donating groups (Me, MeO, PhO) afforded the corresponding products with good to excellent yields and selectivities. The selectivity was not visibly affected by the electronic nature of the substituents. However, the use of chalcones with sterically more demanding substituents resulted in lower yield.
The absolute configuration of product 10d was determined as (S) by X-ray crystal structure analysis ( 
Conclusion
In conclusion we have developed a catalytic route to various N-allyl-and N-benzyl-protected 2-arylsubstituted dihydroquinolin-4-one derivatives. The products have become available in moderate to high yields and with good enantiomeric ratios. The results reported not only demonstrate that chiral Brønsted acids can be efficient catalysts for enantioselective intramolecular Michael additions, but also show the high potential of highly acidic N-triflyl phosphoramides in asymmetric catalysis.
Experimental Section

General
Unless otherwise noted, all commercially available compounds were used as provided without further purification. Solvents for chromatography were technical grade and distilled prior to use. Analytical thin-layer chromatography (TLC) was performed on Merck silica gel aluminum plates with F-254 indicator and visualized by irradiation with UV light. Column chromatography was performed using silica gel Merck 60 (particle size 0.040 -0.063 mm). 1 H NMR and 13 C NMR spectra were recorded on a Bruker AM 250 or a Bruker AV 300 spectrometer in . IR spectra were recorded on a Jasco FT/IR-420 spectrometer and are reported as frequency of absorption (cm −1 ). Optical rotations were measured on a Perkin Elmer 241 polarimeter. The enantiomeric excesses were determined by HPLC analysis using a chiral stationary phase column (column: Chiralcel OD-H or Chiralcel OJ-H or Chiralpak AD-H; eluent: hexane-2-propanol). Solvent mixtures are understood as volume/volume. The HPLC spectra of enantioenriched compounds were calibrated with the corresponding racemic mixtures. Chemical yields refer to pure isolated substances. The yields and enantiomeric excesses are given in the corresponding tables.
General procedure for the enantioselective intramolecular 1,4-addition
0.05 mmol of the chalcone and 10 mol-% of octahydro-BINOL N-triflyl phosphoramide 3h were dissolved in 0.25 mL of DME, and the reaction mixture was stirred at r. t. The product was directly charged on silica gel and purified by column chromatography using hexane-ethyl acetate mixtures as eluents to afford the desired product.
1-Methyl-2-phenyl-2,3-dihydroquinolin-4(1H)-one (2a)
Synthesized according to the general procedure: 6.1 mg, 51 %, yellow oil. conditions: AD-H column, n-hexane-2-propanol = 98 : 2, flow rate = 0.6 mL min −1 , major enantiomer: t R = 33.9 min; minor enantiomer: t R = 31.6 min. 
1-Benzyl-2-phenyl-2,3-dihydroquinolin-4(1H)-one (10a)
1,2-Diphenyl-2,3-dihydroquinolin-4(1H)-one (11a)
Synthesized according to the general procedure: 9.9 mg, 66 %, pale-yellow solid. 
1-Isopropyl-2-phenyl-2,3-dihydroquinolin-4(1H)-one (12a)
Synthesized according to the general procedure: 4.2 mg, 32 %, yellow oil. . − HPLC conditions: OD-H column, n-hexane-2-propanol = 90 : 10, flow rate = 0.6 mL min −1 , major enantiomer: t R = 13.9 min; minor enantiomer: t R = 20.7 min. 
1-Allyl-2-phenyl-2,3-dihydroquinolin-4(1H)-one (13a)
1-Allyl-2-o-tolyl-2,3-dihydroquinolin-4(1H)-one (13b)
Synthesized according to the general procedure: 6.3 mg, 45 %, yellow oil. . − HPLC conditions: AD-H column, n-hexane-2-propanol = 90 : 10, flow rate = 0.6 mL min −1 , major enantiomer: t R = 9.6 min; minor enantiomer: t R = 10.6 min.
1-Allyl-2-(2-methoxyphenyl)-2,3-dihydroquinolin-4(1H)-one (13c)
Synthesized according to the general procedure: 9.2 mg, 63 %, yellow oil. (27) . − [α] 25 D = +83.8 • (c = 1.0 in chloroform). − HPLC conditions: AD-H column, n-hexane-2-propanol = 90 : 10, flow rate = 0.6 mL min −1 , major enantiomer: t R = 13.8 min; minor enantiomer: t R = 11.9 min.
1-Allyl-2-m-tolyl-2,3-dihydroquinolin-4(1H)-one (13d)
Synthesized according to the general procedure: 7.3 mg, 53 %, yellow oil. 
1-Allyl-2-(3-phenoxyphenyl)-2,3-dihydroquinolin-4(1H)-one (13e)
Synthesized according to the general procedure: 6.4 mg, 36 %, yellow oil. . − HPLC conditions: AD-H column, n-hexane-2-propanol = 98 : 2, flow rate = 0.6 mL min −1 , major enantiomer: t R = 37.5 min; minor enantiomer: t R = 35.5 min.
1-Allyl-2-(4-methoxyphenyl)-2,3-dihydroquinolin-4(1H)-one (13f)
Synthesized according to the general procedure: 14.4 mg, 98 %, yellow oil. ṽ = 2929, 2834, 1675, 1604, 1510,  1490, 1107, 1031, 989, 924, 810, 799, 755, 703 . − MS-EI: m/z (%) = 293.1 (39) [M] + , 252.0 (7), 185.9 (31), 108.1 (27) . − [α] 25 D = +122.6 • (c = 1.0 in chloroform). − HPLC conditions: AD-H column, n-hexane-2-propanol = 90 : 10, flow rate = 0.6 mL min −1 , major enantiomer: t R = 16.5 min; minor enantiomer: t R = 17.8 min.
1-Allyl-2-(4-fluorophenyl)-2,3-dihydroquinolin-4(1H)-one (13g)
Synthesized according to the general procedure: 12.9 mg, 92 %, yellow oil. 
1-Allyl-2-(3,4,5-trimethoxyphenyl)-2,3-dihydroquinolin-4(1H)-one (13h)
Synthesized according to the general procedure: 10.2 mg, 58 %, yellow oil. . − HPLC conditions: AD-H column, n-hexane-2-propanol = 90 : 10, flow rate = 0.6 mL min −1 , major enantiomer: t R = 33.3 min; minor enantiomer: t R = 51.9 min.
1-Allyl-2-(naphthalen-1-yl)-2,3-dihydroquinolin-4(1H)-one (13i)
Synthesized according to the general procedure: 13.4 mg, 86 %, yellow oil. 
1-Allyl-2-(naphthalen-2-yl)-2,3-dihydroquinolin-4(1H)-one (13j)
Synthesized according to the general procedure: 11.6 mg, 74 %, yellow oil. 
1-Allyl-2-(furan-2-yl)-2,3-dihydroquinolin-4(1H)-one (13k)
Synthesized according to the general procedure: 8.6 mg, 68 %, yellow oil. 
1-Benzyl-2-(2-bromophenyl)-2,3-dihydroquinolin-4(1H)-one (10c)
Synthesized according to the general procedure: 11.5 mg, 29 %, yellow solid. 
Crystal structure determination
Crystallographic data were collected with a Stoe IPDS II two-circle-diffractometer with monochromatic MoK α radiation (λ = 0.71073Å). The structure was solved by Direct Methods using SHELXS-97 and refined against F 2 on all data by full-matrix least-squares methods using SHELXL-97 [46, 47] . Details regarding the crystal structure determination are summarized in Table 5 .
CCDC 897124 contains the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data request/cif.
